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Abstract. The dynamical range of global atmos-
pheric circulations is extended to specialized pa-
rameter regions by evaluating the influence of the
rotation rate (£ on axisyvmmetric, obligue, and
divrnally heated muoist madels. In Part 1, we de-
rived the basit range of circulations by altering £2
for moist and dey atmospheres with regular and
modified surfaces. Again we find the circulations
lo be composed of only & few elementary Fforms,
In axisvmmetric atmospheres, the circulations
consist of a single jet in the rotational midrange
(£2*="-1) and of double jets in the high range
(42% =2-4), tdgether with one or two pairs of Had-
lev and Ferrel cells; where £2% =02/ is the rota-
tion rate normalized by the terrestrial value. These
circulations differ from those predicted by first-
arder symmetric-Hadley (SH,) theory because the
moist inviscid atmosphere dallows a greater nonli-
nearity and prefers a higher-order mendional
mode: The axisymmetrie circulations do, howey-
er. resemble the mean flows of the natural system
— but anly in low latitudes. where they underlie
the guasi-Hadley (QH} element of the MOIST
Mows, In midlatitudes, the axisymmetric jets are
stronger than the natural jets but can be reduced
to them by barotropic and baroclime instabilities,
Obligue atmospheres with moderate to high tilts
{#p,=25"-90") have the equator-straddling Hadley
cell and the four basic zonal winds predicted by
the geometric theory for the solstital-symmetric-
Hadley (SS5H) state: an casterly jet and a westerly
tradewind in the summer hemisphere, and 4 west-
erly jet and an easterly tradewind in the winter
hemisphere: The nonlinear baroclinie instability
ol the winter westerly produces a Ferrel cell and
the same eddy fuxes as the gquasi-geostrophic
G, element, while the instability of the summer
casterly jet produces a QG-Hadley (QGH) ele-
ment with @ unigue, vertically bimodal eddy

momentum Qux, At High £y and low £2%, the obli-
que atmospheres reach a limiting state having glo-
bal easterlics. a polestospole Hadley cell, and a
warm winter pale. Al low tilts (Fp< 107), the obli-
gue circulations have a mix of solstitial and equi-
noctial leatures. Diurnal heating variations exert
4 fundamental influence on the natural-Hadley
{(MH) circulations of slowly rotating svstems. es-
pecially in the singular range where the zanal
winds approach extinction. The diumality just
maodifies the NH element in the upper singular
range {Vs=00%< V) but completely transforms
it into @ subsolar-antisolar Halley circulation in
the lower singular range (0=£2* <5 In the
madified WH flows, the diurnality acts through
the convection to enhance the generatnon of the
momentum-transferring  planetary  waves and.
thereby, changes the narrow polar jets of the non-
diurnal states into broad, super-rotating currents,
Circulation theory for these specabzed fMows re-
mains rudimentarcy. 1t does not explain Tully how
the double jets and the multiple cells arise in the
axisvmmetric atmospheres, how the QGH ele-
ment forms in the obligue atmospheres, or how
waves propagate in the slowly rotating diuenal at-
mospheres. But eventually all theories could, in
principle, be compared against planetary observi-
tion: with Mars testing the QGH elements; Jupi-
ter, the high-ranze elements: Titan, the eguinog-
tinl and solstitia] axisvmmetric states! and Venus,
the diurnally modified NH flows.

1 Introduction

We continue the presentation, begun in Part |
(Williams 198%8), of the circulation sel gsenerated
by varving some of the fundamental external pa-
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rameters and internal physical fuctors that control
the dvnamics of a terrestrial global circulation
model (GCM), The solutions are developed for
lwo purposes: (1) 1o study basic circulation dy.
namics by altering the scale and mix of the jets,
cells and eddies; and (2) to broaden the perspec-
tive on planetary and terrestrial climates by defi-
ning the dynamical range and the parametric var-
iability of global circulations, In presenting the
solutions, we again explore the hvpothesis that
circulation variability is limited o the mix of a
few clementary components that can be under-
stood in terms of standard theories.

[t Part 1, we derived the basic range of circu-
lations: by alterning the rotation rate (£2) and,
hence. the Rossby and Froude numbers ol moist,
drv und modilied-surface GCMs driven by a svm-
metric annual-mean heating. The resulting [lows
were described i terms of four elementary com-
ponents, dand interpreted in terms of standard
symmetric-Hadley (5H) and gquasi-geostrophic
(G theories. We found that a natural-Hadley
(NH) element and a tropical guasi-Hadley (QH)
clement provail at low and high £, respectively,
and that a momentum-traversing (QG,) element
and 4 momentum-converging (QGy) element oc-
cut in baroclinically unstable midlatitudes at me-
divm and high £2, respectively, The scales and in-
teractions of these elements lack a full theoretical
explanatipon and deviations occur at transitions
and at purameter extremes,

Mow, in Part I, we exiend the parameter
range into three specialized regions, all unrelared
But all involving some form of ladtudimal or lon-
gitudingl asymmetry, by evaluating the influence
al” £ on axisymmetric, oblique, and diurnally
heated GCMs. The three solution sets are ob-
tatned for three basic (but diverse) purposes: (1)
to isolate the SH modes of the meist GCM: (2) to
define the dynamics of the tropical easterly jets:
and (3) 1o examine the transitions undergone by
the NH ¢lement as £2—0. The solutions also ex-
amine how the axisymmetric Mows differ from the
natural ones when the barotropic and baroclinic
instabilities are suppressed, how the solstinal
Mows differ from the egquinoctial ones when an
extreme seasonality is allowed, and how the diur-
nal Mows differ lrom the nondiurnal ones at very
low £2. Asin Part | — to which the reader 1s refer-
red Tor notation and terminology — we assume
that the GOCM is valid in these parameter ranges
and that o qualitative comparison between the so-
lutions and the theory 15 meaningful. We also use
the same standard methods for defining and ana-
Ivzing the circulations, although these are clearly
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less useful for the eddy-free axisymmetric states
and the eddy-dominant Halley Nows,

We begin in §2 with the AXISYMMETRIC
sel, created by omutning the large-scale longitudi-
nal variations from the basic GOM and by vary-
ing the rotation rate over the main range of inter-
est, rom 0% =14 1w 4 where £ =02/02: 15 the ro-
tation rate normalized by the terrestrial value. To
explain the solutions. we turn to the first-order
svmmetric-Hadley (58H ) theory of Held and Hou
(1980) — the maost successful attempt at defining
the symmetnie-Hadley state for Barth’s aimo-
sphere since Lorenz's (196%9) review (see $1-3.1)
This SH | theory allows for latent heating implicit-
Iv, by localizing the cell upflow at the equator, but
maisture 1= not included in the associated numen-
cal modeling, Our AXISYMMETRIC model, on
the ather hand, includes latent heating explicitly,
s we can define the SH modes of moist atmo-
spheres and estimate their contribution to the nat-
ural MOIST circulations,

The AXISYMMETRIC solutions turn out 1o
have a more complex bearing on the MOIST
statés than expected because the thermodvnamic
forcing changes greatly — the baroclinicity dou-
bles — when the eddies are suppressed in a4 model
that determines its own surface lemperature (7))
The AXISYMMETRIC solutions are also more
complex than the 5, states because the mend-
ignal c¢irculations are more nonlinear when the
free atmosphere is fully inviscid, and when the la-
tent heating amplifies the upflows; the 5H, theory
explains anly the simplest symmetric states, Axi-
symmetric circulations are generally more sensi-
tive than natural circulations to the subgnd for-
mulations and the surface conditions, so bridging
the gap between the two systems requires a hierar-
chy of models with dilferent paramelerizations.

We proceed to the OBLIQUE set in § 3 to ex-
amine the dvnamics of the solstitial circulations.

Ouly the summer lows are really sensitive 1o the

interhemispheric heating asvmmetries and. in the
salstitial limit. they contain a negative baroelinici-
ty, an unstable easterly jet, and an equator-stradd-
ling Hadley cell. To define the main runge of sol-
stitiul circulations and to isolate their invarians,
we vary the obliquity {/p from 10° 1o 90" and the
rotation rate £2* (rom Vo o 4 lor a moist GOM.
The eguinoctial or minimal-tilt states, on the
other hand, are adequately described by a GOCM
forced by an annual-mean heating, as in Part 1
To wnderstand the OBLIQUE solutions, we
must first define the solstitial-symmetric-Hadley
(S5H) state for the hot-pole limit by modifying
the geometric (equinectial) 5H, theory. Then, Lo
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describe the eddy fluxes produced by the nonli-
neur hiraclinic instability of the easterly jet in the
summer tropics, we must define & new circulation
component — the QG-Hadley ((QQGH) element
whose eddy NMuxes and mean flow are poverned,
respectively, by quasi-geostrophic and Hadley dy-
namics. The flow in the winter hemisphere, on the
other hand, is described by the standard QG ele-
ment, Thus, the OBLIQUE circulations contain
some new modes and some old, vielding another
element whose characteristics must be theoreti-
cally understoad,

Mext, with the DIURNAL setin § 4, we exam-
ine how longitudinal heating asymmetries affect
the dynamics of the low-£2* circulations. Diurnal
variations play a fundamental role only in the sin-
gular rotation range, Q<02% =< Vs, where the mo-
tion of the sun acress the plunet's face is low
enough to produce a strongly localized heating.
[n this range, the nondiurnal NH ¢lements also
undergo an asymptotic transition — in which the
Jjet weakens and stops moving poleward — when
the Hadley cell reaches the pole. Such NH ele-
ments are only modified by the diurmality at the
top of the singular range. but are completely
transformed into subsolar-antisolar (Halley) Mows
when the rotation rate drops below 2% =Y. The
diurnal forcing can act either through radiation or
convection and $o can influence an atmosphere
directly at upper or lower levels. To see how the
Form and lo¢ation of the forcing affects the Mow,
we consider a special HIGH-CLOUD model in
which an opaque cloud adds an upper-level radia-
tive diurnality to the more prevalent low-level
canvective component, The DIURNAL states
cantribute to circulation theory in the low range
by displaving a different mix of Hadley modes
and planetary waves.

Finally in § 5, we assess the connection be-
tween the circulations of the various GOMs and
the various planets. The planets can test circula:
tien theory in parameter regions not reached by
Earth, while the GCM states can provide prelimi-
nary models for systems not vet well observed,

2 AXISYMMETRIC(E2Y) circulations

To isolate the axisymmetric modes of a maoist at-
mosphere. we evaluate a special version of the ba-
sic GOM. activating onlv the smallest and largest
longitudinal wavenumbers of the R42 model;
by =0 and 42 (see Table 1-1 lor details). Solutions
for this small-sector model, dubbed AXISY M-
METRIC{£2*) even though small longitudinal
vanations are allowed, are obtained over (2% =
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“-d for comparison with the main MOIST circu-
lations, We retain the largest &, to monitor the
flow fTar shear instabilities and to encourage the
development of pointwise convection at ten longi-
tudinal grid points — s1% more than necessary for
the spectral transforms, Convection and gravity
waves pervade the AXISYMMETRIC flows and
force the moedel to use-a smaller time step and a
larger time filter: In one case, when 2% =4, the
solar constant must be reduced by [0% to prevent
the surface temperatures from exceeding 320 K
(see § 3 for the reason)

The AXISYMMETRIC(Z2*) aimospheres
evolve from isothermal initial states inte statisti-
cally equilibrated. troposphere-stratosphere syvs-
tems in much the same way at all 2%, bul thev
take substantially longer te mature than do the
MOIST{EX*) atmospheres: aboul 250 days com-
pared to 100 days (Table 1). Clearly, the Hadley
processes need more time 1o develop an axisym-
metric jet than the QG eddies need o creaite a
natural jet, so the MOIST eddies are unlikely to
sense the AXISYMMETRIC state in midlati-
tudes. The AXISYMMETRIC(4) circulation, like
the MOIST(E) tlow, lacks a simple eguilibrium
and its global kinetic enerey Muctuates by a faclor
af 3. This creulation, however, has o high-energy
anomaly, whereas the MOISTIE) flow has a low
ane. Thus we define a typical average. using [0
days of data, and a varfant average Tor the 40-day
pertod that differs most from the prevailing
noTm,

Axisymmetric atmospheres can rarely exis)
physically, so their models are essentially process,
not prediction, models. Consequently. tuning the
AXISYMMETRIC radiation, PBL and diffusion
parameters to the MOIST(1) values 1s phvsically
arbitrary, but useful for comparative purposes.
Furthermore, the axisymmetric flows also lack a
natural horizental mixing by the plancrary waves
and, therefore, have a greater dependence on the
vertical mixing (Held and Hou [980, herealter
HHE&Y, MNevertheless, the influence of the hori-
zontal mixing can be examined with “small-cddy™
models that reduce the sector gradually towards
the axisymmetrie limit. But the evaluation of a
hiergrchy of axisvmmetric (or guasi-symmetric)
models with a variable sector size, PBL lormula-
tion, surface state, or moisture content  lies
heyond the scope of this study,

We begin the presentation of the AXISYM:
METRIC{£2*) solutions by outlining how  the
time- and zonally averaged states progress with
£2%, and then follow with a more detailed descrip-
tion and theoretical interpretation,
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ANISYMMETREIC circulations: énergy, heat and momentum integrals

Table 1.
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24 The AXISYMMETRIC(O*®) progression ( Figs.
1)

The AXISYMMETRIC cireulations generally
consist of one or lwo jets and one or two puirs of
cells; The mean zonal flows in Fig. | go from a
single broad westerly jet (plus deep equatornal
easterlies) i the §2% midrange to paired jets (plus
shallow easterlies) in the high range. The merid-
ional flows in Fig. 2 have a complex structure and
variability, but essentially consist ol primary and
secondary pairs of Hadley and Ferrel cells. The
AXISYMMETRIC(1} svstem has an eéven more
complex meridional Now because it lies so close
to the double-jet transition,

All AXISYMMETRIC temperature fields in
Fig. 3 have three parts: a harotrapic tropics, a ba-
roclinic midlatitudes, and a radiative-equilibrium
in high latitudes. When £2% increases. the buaro-
tropic zone shrinks and the baroclinicity strength-
ens hecause the cells become narrower and trans-
fer less heat poleward: the gradient over the cen-
tral wong (A=307-60") goes from 40 K at £2% =
Yot TOK an £2% =4 in [0-K intervals. The main
cell pair lies in the barotropic region and is corre-
lated, in the midrange, with the equatorward hall
of the jet-and, in the high range, with the tropical
jet. The shear layver between the high-range jets is
barotropically unstable and produces a weak
eddy kinetic energy, as does the moist convection
at the equator (see Fig. 4d),

The AXISYMMETRIC zonal flows resemble
the HHED numerical solutions in their form and
in the way they progress with the Ekman number
{ =#y/fH?). Changes produced by decreasing &,
in the HH&ED study parallel changes produced by
increasing £2* here. But the emergence of the
shear layer separating the two high-range jets is
not explained by the SH | theory because internal,
rather than integral, processes are responsible,
The AXISYMMETRIC meridional [ows alse dit-
fer from their HH8( theoretical and numerical
counterparts, presumably because the GCM i
completely maist and completely inviscid above
the PBL. and hence more nonlinear. The cells in
Fig. 2, and the heat and momentum balances in
Figs. 5 and 7, all show that a higher-order mode
exists Tor the meridiopal circulation; the main cell
pair has half the width predicted by the SH, the-
ory. sugeesting that the second harmonic prevails
in these more nonlinear states,

The latent heating contributes to the nonli-
nearity by intensifving the cells. The 8H, theory
does not allow for such circulation-dependent
heating and, therefore, cannot explain the AXI-
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SYMMETRIC cells and their complex correla-
tion with the zonal flow and temperature. Para-
doxically, the SH| made 1s better realized in the
MOIST NH and QH elements than in the AXI-
SYMMETRIC states — because the horizontal
wave mixing reduces the meridional nonlinearity
of the natural TMows., Although the ANISYM-
METRIC states are more complex and mare non:
lingar. some SH, features are discernible: a mom-
entum wind and a Hadley cell in the lowest lati-
tudes; and a radiative thermal wind in the highest
latitudes. But the scale of the cells, the strength of
the Ferrel cell,and the dynamics of the jet-separa-
tion zone remain unexplamed.

To compound the problem. the AXISYM-
METRIC circulations are also too idiosvrcratic to
be a good guide to the dynamics of the MOIST
mean [Mows: their jets and baroclinicity are just
too strong when the heat ransport 1% 20 reduced,
and their cells are wo dependent on factors that
vanish when longitudinal variations are allowed.
Consequently, the behavior of the baroclinically
unstable eddies in a MOIST midrange Mow is bet-
ter revealed by a compuarison with o stable low-
ringe flow than with an AXISYMMETRIC flow:
the changes produced by varying the rolation rite
are less than those produced by suppressing the
lomgitudinal dependence, In the high range, how-
ever, the MOIST meuan flows can only be usefully
compared with their AXISYMMETRIC counter-
parts. Such 8 comparison reveals similarities in
the low latitudes but large differences in the mid-
latitudes. In general, comparing the natural and
axisymmetric flows is meaningful only when the
drag s strong enough 1o limit the barotropic ¢as-
cade — see § -6,

The AXISYMMETRIC process model re-
mains useful, despite the ecomplexity of 1s circula-
tions, because 0 desenibes an intrinsic GOM
mede und because it defines the limits of the 5H,
theorv. The AXISYMMETRIC solutions repre-
sent the complex end of a hierarchy of SH states
and suggest that the elements defined in Part [ are
[irst-order items at best.

2.2 The AXISYMMETRIC2%) basic fields

Zonal flow, Looking at the midringe solutions in
derail, we see I'rom Fig. be, d that the jets, like the
temperature lelds, consist of three parts: a mom-
entum wind wy, in the barotropic tropics, a buro-
clini¢ wind in the midlatitudes. and a radiative
thermal wind wy in the high latitudes, The zonal
flow matches wy, over the Hadley cell, but drops

a9

1ot/ 2 ut the jet peak because of the detrainment
and friction in the Ferrel cell. (Mote that
af2; =465 ms ') The midrange zonal lows, with
their broad westerly jets and deep equatonial east-
erlies. closely resemble the HH&O solutions for a
moderate dissipation (or Ekman number); These
lets are almost twice as strong as their MOIST
counterparis, and would obviously be reduced by
the natural shear instabilities.

In the high range, the zonal flow splits into a
tropical jet and a midlatitude jet (Fig. 1a, b
These jets separate most completely ol 2% =72,
connecting only in the stratosphers. The AXI-
SYMMETRIC(4) jets, however, separate less and
resemble the HHEO solutions for a low dissipa-
tion. The sharp transitions that occur for the AX-
ISYMMETRIC and MOIST systems between
£2%= | and 2 are related, and confirm the impor-
tance of the Hadley modes in the natural ¢ireulu-
tions. But in midlatitudes the two systems differ
completelv: the AXISYMMETRIC flows are ha-
rotrepically unstable in the separation zone — see
KrinFig. d4d and K K¢ in Table 1| — and baro-
clinically unstable in midlatitudes, whereas the
MOIEST Mows are only baroclinically unstable.
Clearly, the AXISYMMETRIC Mows do not pro-
vide the basic state for the baroclinic instability,
In tow latitudes, however, the high-range AXI-
SYMMETRIC and MOITST states have a closer
connection, in that the AXISYMMETRIC tropi-
cal jer und casterly tradewinds closely resemble
the mean ronal flow of the QH element in scale
and strength, especially when the MOIST eddies
are small, as st £2* =4, But only the equatorward
half of the tropical jet relates 1o wy; the other half
depends on the higher-order effects associated
with the Ferrel cell and the separation zone (Fia,
lak.

Meridional flow, According to the SH, theory, the
meridional eirculations should consist of a Had-
lev cell that extends rom the equator to the jet
core to form the momentum wind aloft, and of a
weak Ferrel cell that lies beneath the jet core, Al-
though the AXNISYMMETRIC meridional Mows
are more complex than this, they do agree with
the SH, theory in the lowest and highest latitudes

but not in between — and are strongly corre-
lited with the zonal flows and temperatures, The
implications of the AXISYMMETRIC solutions
For the SHy theory are simpler than their bearing
on MOIST circulations: they tell us that the the-
ary provides only a frst-order deseription and is
limited to minimally nonlinear states.

The AXISYMMETRIC Hadley cell deviates
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Fig. 1. Meridional distribution of the mean zonal wind for the AXISYMMETRIC madel with £3* =15 4 Units: ms '
Fig. 2. Meridional distribwtian of the mean stream function for the AXISYMMETRIC model with 42 = %4 Unitsg 10 g5 !

from the SH, theary in two significant wavs: it is
vertically asymmetric (with & strong recirculation
alaft) and 1t extends to the jet core only lor the
high-range tropical flow (Fig. 2). The HH&) nu-
merical solutions display a similar vertical asym-
metry in flows with a low dissipation. The AXI-
SYMMETRIC Ferrel cell is exceptionally strong
because of the nonlinearity allowed by the moist
inviscid atmosphere. This (rctionally driven eell
lies in the barpropic region and, in the high
range, il interacts with the strong shear of the jet
sepurition zone,

Elsewhere, the secondary cell pair occupy the
Paroclinic zone and try to make it less baroelinic,
Just as the primary cells make their barotropic

rone more barotropic. The secondary Ferrel cell i3
detached from the surface and linked to the inter-
nal heat sink provided by the strong radiative
copling (Fig. 6a). in contrast to the PBL-bound.
Mrictionally driven main Ferrel cell. Exceptions
ocdur at £2% = |, where the secondary Hadley cell
is weak and the Ferrel cells merge, and at 3% =4,
where the secondary Ferrel cell vanishes, Elias-
sen's (1951) theory deseribes the cell maintenance
in terms of the existing heat and momentum
sources and sinks, but it does not explain the cell
zenesis and scale selection. The values of the con-
version term [P K. in Table | show that the main
Hadlev cell dominates at £2*="'%4 and 2, that the
main Ferrel cell prevails in the transitional state at
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Fig. 3, Merdional distribution of the mean temperature for the AXISYMMETRIC mode] with £2* =% 4, Units: K
Fig. 4. Merdional distnbution of the mean zonal wind, temperature, steeam function, eddy kinetic energy for the ANISYMMET-
RIC model with £2* — 4, during the variant phase, Unitsims K 10" g 100 1 kg !

£2* =1, und that the major ¢ells are comparable at
£3* =4, The main Ferrel cell is always strong, em-
phasizing just how important the higher-order
meridional mode is for the moist inviscid atmo-
sphere.

2.3 The ANISYMMETRIC ) varianr circularnion
i Fig. 4)

fn its high-energy varianl phase, the AXISYM-
METRIC(4) circulation in Fig. 4 has most of its
extra energy located in the tropical jet, which in-
creases from 40 ms ' to 70 ms~' in amplitude,
while being displaced 57 poleward by the deeper

equatorial easterlies, With the development of the
intervening easterlies. the two jets separate as
completely as in the AXISYMMETRIC(2) case.
The midlatitude jet remains essentially unaltered,
however, und maintains 4 thermal wind balance
poleward of its core at #=40", Related changes
occur for the meridional flow in the tropics and
the separation zone: the main Hadley cell widens
below and weakens aloft; the main Ferrel cell be-
comes stronger but slimmer; and the secondary
cells strengthen in the barochinic zone (Fig. dch
According to the conversion term |P: K| in Table
I, the Hadley cell really dominates in this circula-
tion. Changes in the temperature field are limited
to the tropical jet, where a second baroclinic front




Morms in association with the stronger vertical
shear and Hadley cell, The eddy kinetic energy
produced by the shear instability and by the equa-
torial convection also increases in the AXISY M-
METRIC{4) variunt state (Fig. 4d).

We do not know why the AXISYMMET-
RIC(4) svstem fails to equilibrate simply, or why
the variant state has this particular form, We can
bul repeat the argument made for the MOIST(#)
vitriant state in § 145 that the meridional circu-
lation becomes more nonlinear, through terms
such as ¥ o (ve). when £2* increases and confines
the Hadlev ¢ell to the equaterial region. The ef-
fect ocours at 2% =4, rather than al 2% =58, he-
cause the AXISYMMETRIC circulations are gen-
erally more nonlinear than their MOIST counter-
parts, We expect deviations fram the SH theory
to griginate near the equator, and they doi only
the tropical Mow [ails to eguilibrate simply. No
symmetnc instabilities are apparent in this or any
other AXISYMMETRIC circulation, being ¢limi-
nated by the strong static stability set up by the
mgist conveclion.

2 The hudgets amd balances (Table 1. Figs, 3-7)

The global temperatures i1 Table 1 again all ap-
proach Earth's effective temperature despite ma-
1ar changes in the heat balance, According to the
AXISYMMETRIC(I) case in Fig: 3. the advec-
tion and convection dominate the heat balance
and generally match each ather at rates that ex-
ceed the radiative cooling by o factor of 3 at all
latitudes. Such intense dyvnamical exchanges oc-
cur only near the eguator in the MOIST circula-
tions. The meridional circulanon is clearly not
driven by a radiative-convective temperature
field: the cells und the convection are too strangly
coupled to be described by the SH| theory. Fur-
thermore, the advection and convection extend to
the pole. even though the atmosphere is in a ra-
diative equilibrium in high lattudes (Fig. 6a).
This shows that the high-order modes, unlike the
SH, modes; penetrate bevond their source region,
'he radiation may still. hewever. determine the
gross zonal flow and temperature, ziven that the
advection and convechion tend (o compensite
gach other locally. In transporting the heat pole-
ward, the AXISYMMETRIC(1) Hadley cell heats
its central region and cools its edges! the Ferrel
cell does the apposite,

According to the AXISYMMETRIC! 1) mom-
entum halance in Fig, 7, the cellz alter the zonal
Mow significantly, despite the weakness of the sur-
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face momentum source, and help give the jet its
three-part structure. The surface torques become
strong when easterly tradewinds develop in the
high range (Table 1) To produce such trade-
winds, an atmosphere needs only a strong equa-
torward [Tow in the tropical PBL. This can be
eddy induced. as in the MOIST unstable ranges,
ar diabatically driven, as in the AXISYMMET-
RIC high range and the OBLIQUE system. The
subgrid muixing balanees the residual of the mem-
entum advection and the surface torgue.

3 OBLIQUE(£2*.8) circulations

To isolate the salstitial Mow elements and to ex-
plore the parametric vanability of obligue moist
atmaspheres, we evaluate a GCM with tilts rang-
ing up to the 907 limit. Although the model is oo
idealized for climate studies, the OBLIQUE solu-
tions indicate what seasonal extremes would oc-
cur, and what states Eunth's atmosphere tends to-
ward, in the absence of the restraint provided by
the oceanic heal storage, The solutions also indi-
cate how Mars' circulation might change as its
abliquity varies from 157 to 35° over the millenia
{see § 5.7

The OBLIQUE model is based on the moist
GOM described in § 1-2, The solar insolation at
the top of the atmosphere is sull specified as a
Function of latitude, but is now based on 4 zenith
angle that depends on a solar declination angle
set permanently at the solstitial value s The ra-
diation calculations then use the predicted water-
vapor distribution and the annual-mean values (at
X =1y ol the carbon dioxide (a constant), the
ozone (a function of latitude and height), and the
cloud properties (in three lavers). No problems
geeur in the (rigid unlit winter hemispheres,
where the radiative exchanges are due mainly to
the carbon dioxide and a small amount of water
vapor, but the accuracy 1s reduced in tropospheric
regions cooler than 200 K because not all carbon-
dioxide lines are represented at such tempera-
turas, These limitations have no dynamical signil-
icance, but the OBLIQULE arculations are, like
the MOIST TMows, relatively forced by radiative
cxchanges that are partially tuned towards the an-
nual-mean state at £2* =1,

The QBLIQUE(£2*.8;:) set covers low, me-
dium and high tills by setting #p= 107, 25 and
907, and runges over medium and high rotation
rates by setting £2* =% 1, 2 and 4; se¢e Table 2.
I'he sélutions for Bp= 10" and 25 represent states
in which the maximum surface temperature (T,)
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Fig. 5. Latitudinal discribution of (he contributions 1o the
mean rate of temperature change by the meridional cireulation
(M the eddies ( EDOY Ahe radiation (RA8) the suberid
proceases (5000 in the ANTEYMMETRIC model with £2% = |
Lnitgs 10" Koe™!

aceurs in midlatitudes and high latitudes, respec-
tivelv, The state with #,=25" i3 also typical of
many planets (Williams 1983, Table 4). In the sol-
stitial limit at =907, the sun shines directly and
continuously over the pole und produces the peak
I, there, In such extreme cases, the area of maxi-
mum heating s much smaller than at equinox, so
the surface becomes very hot and produces mais-
turg amounts that cannot be handled by the
standurd GUCM radiation code. Consequently, to
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keep temperatures below the critical 320-K level,
the solar constant is reduced to ¥ and 4 ity nor-
mal value when #:=25" and 90°, respectively; On
the other hand. during equinex (#,=07) the sur-
face temperature peaks at or near the equator, a

TEMPERATURE CHAMNGE BY RADIATION

@) AXISYMMETRIC |0n™=1|

€]  OWRMAL |7k HIGH CLOUD, TIURMAL|

2

e a *"iﬂ;ﬁf |
M FoLd '\ll II("‘.II A
E | f 1.| /
o 4 £ I -3
5 TR AW L i-’ 3
Iy
g 0 H//
E 63!‘.'!: = _/'/ _,_/f\ j
30 S TR, .
T P ___ ——r :- T &
pab o ety e
o A5 1 aF: 30 Ly
s [b] OE!.ICIL.IE Iii' =, 81,5257
o
E
ol
o =]
E_: X i gy
w3 B
= BG4 e
— <] p
W — e s :
v = e o 0 &1
LATITUDE

LaTITUGE

Fig. 6. Mendianal distribution of the mean rate of temperature change due to radiation, for representative coses from various sets,

Linns; 1 " ks



Willism=: The dynamical range of global crealstions — T1

54

PR T
§ 1 201 Rl £ A0
i LOT et I — il -
£l 281 ¥l {9} 6l —
il st 1EL (e ol
T irl Fa 13 121
ZHH Wil £l £r Ley
s £L1 £y 6L — Rl —
s i LLT il s<I
I't Be LEL S R Ry
L Fi L S1L radl 55 -
Bk I 953 o — 13 -
e HE hi== b L%
£'f 8y B - 0y - i
| [Fi anbao
XUy ] A N KRN

TSN

i — S

L 4 i S
-l wr il
Lk i
511 (0 —
Lih 15 —
Fia LAt
ol BT

ERG Lot -
TN Gipr—
iy Fais—
RIF B —
|5 18

LhF e —
HEE 15—

FLF —
Lpss =
Ly -
€0
()it
Al
L —
o —
101 —
qznl
Lol —
Gy —

(I

danea
i

(EXL
(LR 1]
iy
50
LU

AT
EOE
LEal
04l
BEED
PrED
iR
fRET
HELT
P forig

IR

LT

1eap g

£l
1
cl
RET—
ks

apur SRR AAEIPRD S30UAP ([ H
PALITROW 51 TUETSUOD AR[GS Y2 1m S0 10105) $2100a0 2%
1 BB JO | (g1 ] 228 TS3SED ([ Ul PAsn  HOHNjosay ‘pouad poneidnur sapouap ‘1

F|RITANT APPS T0] IWCGHEI J[OGUIAE: |

SOTN[EA SROIUEIUEESU|

Lon s (e

WIS TEH N Epuals]

P A -0l P sARC Sy
sl [k S TR 17, T [F1E # L6 &
2y (HIE 9E1 tds (0L ) A i
LTa HED 90t Lol o5 e UG i
91¥ 9T LL r9s KR &' i P
vLl ¢hi ¥§ o (¥ Yoo ebg H
[0E L D& Ght (PR g 5L [
S1E 8 - S s H14.8 T oEL Z
Ll HUl ke Uy sy Yoo ok L
151 [ . S 1 [ [T ‘
ayT el 6L T80 [ T a1 i
a0z 1 S A T her I -01 i
Ll LLES & o E I r

id Sy TN N g g iy
Adtang %0y

SR W uANO L pus

Al AU SSUONRIN2S A0 TS T ML



Willhams: The dyoamical range of global erculations — 1

state that is reasonably represented by the MOIST
solutions of § 1-4.

For computational economy, an R15 resolu-
tion and a 1207 crescent domain are used for the
integrations (see Table I-1). Although this resolu-
tion cannot describe the small high-range eddies
accurately, the salutions deo give an adequate indi-
cation of the vanous Mows — as is verified by an
R42 calculation for the OBLIQUE4,90") case. 1n
the presentation, we group the solutions by their
obliguity, because Hp has a greater influence than
£2* on the circulation variability in the solstitial
regime, But [irst we must discuss thearies (or the
solstitial Hadley state and the unstable easterly
jet

J0 Selstiticd eirealation dynamics

Allowing heating asymmetries about the equator
introduces new dynamical modes, These modes
can be mmterpreted in terms of standard Hadley
and guasi-geostrophic theories i we first define
the solstitial-symmertric-Hadley (SSH) state, with
its summer casterly and winter westerly jets, and
il we then define the QG-Hadley and QG. ele-
ments that describe the natural forms of these
Jets.

55

The solstitial-symmetrie-Hadley (SSH) eirenlation
(Fig. 8}, In Part 1. we briefly described the HHED
theory for the svmmetric-Hadley circulations
driven by a heating that peaks, and is symmetric
about, the equutor. Such equinoctial flows con-
tain a momentum wind wuy and a Hadley cell in
lower latitudes, and a radiative-equilibrium ther-
mil wind up in higher latitudes. The cell extends
Irom the equator to the latitude #; where the two
winds meet to form a jet. This Nirst-order SH the-
ory 15 useful Tor understanding the NH and QH
clements that arise in the MOIST and DRY solu-
tions, but it has limitations, as the AXISYMMET-
RIC solutions in § 2 show. To help describe and
explain the QBLIQUE solutions, we now maodify
the HHEO geometric argument to define the axi-
symmetric circulations driven by a solstitial heat-
ing having a strang asymmetry about the equa-
Ler.

The S5H mode is best defined for the limiting
solstitial state in which the heating is strongest at
the summer (north} pole and weakest at the winter
pole. Svstems with 9 moderate seasonal variation
then lie between the equinoctial (SH) and solsti-
tial ($5H) limiting states. The OBLIQUE salu-
tions show that the SH, state exists Tor atmo-
spheres with only @ weak heating asvmmetry,
whergas the SSH state prevails over a wide range

SOLSTITIAL SYMMETRIC CIRCULATION

TEMPERATURE

SLIMMER

TOMAL YELDCITY

WINTER

M. Pala

Eguatar

LATITUDE

Fig. 8 Schematic illustration of the interplay between the thermal winds wf and »" of the sumimer and winter hemispheres and
the momentum-conserving wind wy inaxisvimmetrc crculations during solstioe. Shadrmg indicates resulting ronal wind

5. Pole
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of obliguities (for #,= 107). The simplicity of the
solstitial limit makes it easy to modify the geomet-
ric argument, but no rigorous theory is develop-
ed.

To represent the pole-to-pole baroclinicity, we
write the vertically averaged radiative tempera-
ture in the HHEO Torm

8- = | —
T,

?

;- Ay P isin ) i1
where T, is the hemispheric mean temperature,
Mgr the tmndlmn.nqmnal hemispheric barochnicity,
and Py(y)=(31"—1)/2 the second Legendre pnlxu
nomisl. For plotting the temperature profile in
Fig. 8, we set Aj} = LA, where the summer ba-
raclinicity Aj, is negative and the winter baroclin-
icity Ajy is positive. This temperature field pro-
duces an easterly thermal wind uf = —a2R} cos @
at the summer tropopause and a westerly ther-
mal wind i =af2R} cos# at the winter tropo-
pausc; where Rp=gH|A}1/(02) and R} =
gHAL /(af2y are the hemispheric Rasshy num-
bers for a Boussinesq atmosphere of depth H.

The summer thermal wind, being easterly,
does not violate the constraint that the angular
momentum not exceed a2 — see HHEO for de-
tails. 1f such thermal winds oceurred in both hem-
ispheres, they would represent the simplest solu-
tion to the full equations, But this requires that
both poles be hotter than the equator — an un-
likely configuration. The winter thermal wind, on
the other hand, cannot be valid in low latitudes
because it does violate the angular-momentum
constraint in that region. Consequently, 4 momen-
tum wind must exist in the winter trapics to elim-
inate¢ the discontinuity between the two thermal
winds, and to replace the invalid u)f wind in the
winter tropics, Given that a v} wind can exist as
a first approximation, it seems reasonable to as-
sume that its equatonial value provides the bound-
ary value for the momentum wind, The shaded re-
gion in Fig. 8 depicts the net zonal flow that forms
from the interplay of the three winds. The mom-
entum wind wy=afXsin"H— R cos f extends
from the equalor to the latitude where it intersects
the uf wind, to ",

I'he vertical shear created between the mam-
entum and surface winds produces, through the
thermal wind balance, a dynamic temperature T,
that increases more ﬁhw.]y northward than 7% in
Fig. 8. The Hadley ¢ell associated with T, con-
serves heat by warming the winter tropics and
cooling the summer tropies, in such a way that the
shaded areas between 7 and T, cancel, The cell

Willtams: The dyvoamical range of glohal circulations — 11

extends from & to @, where B = |0 = (R
and s0 has nearly the same latitudinal range as
the SHy cell pair. It produces westerly and east-
erly tradewinds in the summer and winter tropics.
respectively,

Thus the summer thermal wind w3 drives the
winter momentum wind w,, that bounds the
winter thermal wind u;”, while inducing a dy-
namic temperature Tp and a Hadley cell that
transports heat southward, The i) wind then re-
sponds to the T, field by moving its peak from
the equator, thereby altering the value that initial-
izes the wy wind and changing the temperature
and cell, and so on until equilibration. In this
view, the summer hemisphere is clearly in charge
of the circulation, as might be expected from its
being the energy source. The extreme case in
which the winter hemisphere is completely unlit,
so that Ajy and #}' vanish, occurs as a natural
limit of the theory,

This 55H theory differs fundamentally from
the SH, theory in the way the momentum wind is
initialized. In the SH, case. the momentum wind
15 set to zero at the latitude where the cell upflow
communicates the value of the surface momen-
tum to the atmosphere. But in the SSH case the
cell upflow occurs in the «f wind, so the momen-
tum wind cannot be initialized by surface values.
Given these differences in the geometric argo-
meni; the 55H ideas remain tentative,

The QG-Hadley (QGH) circulation ¢lemenr. The
OBLIQUE mean Mows resemble the axisvmmetric
flows described by the SSH theory, and consist of
d4 cross-equatorial Hadley cell and four solstitial
winds: an easterly jet and a westerly tradewind in
the summer hemisphere, and a westerly jet and an
ecasterly tradewind in the winter hemisphere (see
Fig. 10g), The easterly jet switches from a thermal
wind to a momentum wind as it extends across
the equator into the winter trapics, where it then
merges with the easterly tradewinds, To define the
dynamics of the unstable easterly jer, we isolate
the invariant features of the OBLIQUE states and
form the idealized QG-Hadley (QGH) element in
Fig. 9 whose mean flow is governed mainly by
Hadley processes, and whose eddies are governed
mainly by quasi-geostrophic dynamics.

The QGH eddies in Fig. 9 produce a down-
gradient (equatorward) heat flux at low levels, re-
fease potential energy at midlevels ([P Kpb=10).
and reduce the zonal flow aloft (JK: K =0, all
in the manner expected of an easterly instability.
Mote that the negative baroclinicity reverses the
sign of the correlation between the latitudinal and
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QG-HADLEY |QGH)

Pk

[l

fany

vertical fluxes, in agreement with the quasi-geos-

N A

trophic wave relation wiv = —z @& /6. (Gill 1982,
§ 13.2). On the other hand, the vertically bimodal
eddy momentum [luxes convergent aloft and
northward-truversing below — are unigue to the
QGH element, but their cause remains uncertain,

Only the cause of the eddy momentum trans-
port {¢'M") in the winter trapics is clear: the north-
ward [ux arises from waves dispersing south
from the easterly instability and north from the
westerly instability. The winter westerly otherwise
behaves like 4 DG, element, with its ¢ddies trans-
porting momentum toward the south pole — see
§ 132, But in the summer hemisphere the trans-
ports in the tropics cannot be so accurately re-

lated to the waves and instabilities because no
eddy cycle has been evaluated for an easterly jet
that co-exists with-a Hadley cell. Nevertheless, the
upper-level fluxes do appear to he consistent with
the action of an internal instability, and the lower-
level flux appears to be consistent with a south-
ward wave dispersion, according to the following

linear theories,

Consider first the momentum fluxes produced
by linear internal instabilities in a two-laver fluid.
At the guasi-geostrophie, f-plane order, they are
deseribed by the expression

(o' M)+ (0’ M )3,

S LTI 2 i T
_ {,J[If.l +|Q'IJ9"’"-’ 2)

ELAMRA LR Eq

2 71 T

tor baroclinic waves of the {orm § explikix —en)]—
see Held (1975) for details. For an internal insta-
bility to occur, the potential vorticity gradient g,
must change sign somewhere. In westerly jets, we
have g, =0 everywhere aloft but 4, <0 in the
center below, leading to a net flux of westerly
momentum into the low-level flow. In easterly
lets, we have g, >0 everywhere below (because i
is weak) but ¢, <0 in the center aloft (because
both shears oppose @), leading to a fux into the
jet core (cf. Pfister 1985). Thus linear internal in-
stabilities converge momentum into both westerly
and easterly jets — but at different heights — 1o
boost the former and reduce the latter. The QGH

©

sy

Equaie

— LATITUDE

g element can be regarded as having such 4 con-
2 verging flux aloft if the cross-equatorial compo-
& nent is included. The lower-level flux, however,

|'I [

1

£ Fig. %, Schematic summary of the quasi-geostrophic-Hadley circulation ele-

rrent that odcurs in low summer latitudes during salstice (= 10" Tor the
£2% mud and high ranges, See Fig -1 for notation
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cannot arise directly from a linear internal insta-
hility.. Both westerly and easterly instabilities in-
duce a meridional circulation that has an indirect
cell at the center and direct cells at the edges
(Phillips 1934), but such flows would be sub-
merged by the Hadlev cell in the QGH element.

Consider next the momentum uxes produced
by linear surface instabilities in a continuous
fluid. At the gquasi-geostrophic, f-plane order,
they are described by the expression

— L
(o' M, = ke; [ | |ff| s
[ER
3 R
+%%|—[“]E_‘HJ ‘3.’

where the double bar denotes averaging over lon-
gitude ‘and height. From the second term on the
right, we see that an casterly shear produces a
narthward Mux near the surface and a southward
Mux near the tropopause. Although the QGH
fluses do have such a vertically Mimodal form in
the subtropics, their latitudinal variation can be
explained only by including the internal g, factor.
The Hadley cell complicates the instability and its
Muxes by reversing the vertical shear near the sur-
face,

Planetary wave dispersion, however, is knawn
to be more important than the instability in shap-
ing the momentum fluxes of the QG, westerlies,
and the eddy peopotential Tuxes in Fig. 17h and d
show that waves are also active in the QGH ele-
ment, propagating energy southward across the
equator near the surface and in the stratosphere.
Such waves tend to produce a northward momen-
tum ux, so could account for all of the lower-
ievel flux and for maedifications to the upper-level
fluxes. Theory tells us that linear waves can prop-
agate in gasterly currents with a negative g,. ac-
cording to the refractive index m® = Nf, *[4.(u-

e} ' —(k"+ )], and in regions where the Had-
ley cell has a poleward fow (aloft in the winter
tropics, below in the summer tropics), according
to Schneider and Watterson (1984), Conseguently,
the planetary waves can easily contribute to the
(MOH Nuxes.

Thus, we tentatively conclude that the upper-
tevel converging fluxes in the QGH element are
due primarily to an internal instability (with some
maoditication by the southward-dispersing waves),
and that the lower-level northward fux is due pri-
marily to southward-dispersing waves (with some
modification by a surface instability). The ideal-
ized QGH momentum flux is best seen in those

]

OBLIQUE solutions where the easterly and west-
erly jets have comparable instabilities and waves,
at #.=257 (Fig. l6g). Otherwise, the Muy in the
winter tropics is driven mainly by waves emanat-
ing from the westerly instability when #u=10",
and from the easterly instability when =907,
The OBLIQUE fluxes vary substantially with the
parameters, with changes being attributable to
variations in g, and .,

32 The OBLIQUE X, 8,1 solutions

Having defined the solstitial elements, we can
naw describe the basic character and the parame-
tric variability of the OBLIQUE mean fields and
eddy fMuxes.

The wrean fields (Figs: 10-12), Solstitial circula-
tions, as represented by the OBLIQUE(L25) so-
lution in Figs. [0g-12g, are made up of four zonul
winds and two meridional cells: an easterly QGH
jet in the summer hemisphere and winter tropics,
a westerly G, jet in the winter midlatitudes,
easterly and westerly tradewinds in the winter and
summer tropics, an equator-siraddling Hadley
cell, and a Ferrel cell in the winter midlatitudes.
The Hadley cell extends more into the winter
hemisphere than the summer hemisphere and as-
sociates with the easterly jet, the equatorward half
of the westerly jet, and the two radewinds — us
in the S5H theory. The eddy-induced Ferrel cell
lies at the-core of the westerly jet — as in the QG.
theory., The temperature Neld has a pole-to-pole
gradient, with a moderate negative summer baro-
clinicity and a strong winter barachnicity, as well
as a strong inversion and a vanishing tropopause
toward the winter pole.

Solstitial circulations occur when the planet
has a medium or high tilt (#.225%). When it has
a low tilt (fp= 1073, the circulations have a mix of
solstitial and equinectial features in the summer
hemisphere: a tropical easterly jet and a midlati-
tude westerly jet (Figs. 10c-12¢), Multiple jets,
such as occur in the MOIST high range, arise only
when the tilt is low and the rotation high; but they
are weak in Fig. [0a, b because of the low resolu-
tion,

The parameters 4, and 2% control the scale
But not the form of the solstitial states. The east-
erly jet and the Hadley cell in Figs. 10 and 11
widen as f, increases (because the baroclinicity
intensifies) and narrow as £2% increases, in keep-
ing with the theoretical relation {1, ~ R} The
amplitude of the easterly jet, however, varies only
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weikly with £2% because of compensating changes
in the baroclinicity, Meanwhile in the winter hem-
isphere, the westerly jet and the Ferrel cell have
widths and amplitudes that depend mainly on £2%
thraugh the eddy-scale Ly, when sufficient space
exists for their full development. All jéts move
equatorward as €2* increases, The Hadley cell is
meist and sharp Tor Jow tilts, but dry and diffuse
For medium and high tilts.

l'he temperature field, of course, depends
mainly an #,, with the summer baroclinicity be-
coming stroenger and the winter inversion becom-
ing hemispheric as the obliquity increases (Fig.
123, When the sun lies right over the north pole,
the summer hemisphere develops an intense ne-
gative  baroclinicity (AT, ~— 130 K), and the
winter hemisphere develops a powerful inversion
centered on a midtropospheric warm (220 K) hole
pel. Hunt 19823 The inversion arises from adia-
batic heating in the Hadley cell’'s downflow, and
moves equatorward as the cell narrows with in-
creasing £2*. The tropopause forms only in the
summer hemisphere.

An exceptional solstitial state, in which the
easterly jel becomes global and the Hadley cell
extends [rom pole to pole, oceurs for the OBLI-
QUE(%,907) configuration (Figs. 101-111). In this
gase, the inversion places its warm hole right at
the winter pole. making it 40 K warmer than the
summer pole aloft (Fig. 121). The creation of the
warm winter pole provides a powerlul demonstra-
tion of the role of dvnamics in shaping the tem-
perature distribution.

The dynamics of the QOBLIQUE('Y,90%) jet
difTers Trom one hemisphere to the other: the east-
erly jet has a thermal-wind balance in the summer
hemisphere but a momentum-wind balance in the
winter hemisphere. Consequently, baroclinic in-
stability oceurs only in the summer hemisphere,
and wave dispersion occurs only in the winter
hemisphere, The easterly jet peaks right at the
equator with a value (—207 ms ') that may he
close to the maximum possible in this svstem,
{Note that af2=230 ms~ ' and Ry=1 in this
case.) Near the surface, each tradewind extends
over @ hemisphere, so global transports arc
needed 1o balance the torques. The global cell has
a tight moist upflow over #=(607 90" )N and a
broad dry descent ever #=(30"-907)5 (Fig. 111).

At medium tilts; changes in the amplitudes of
the instabilities cause a summer Ferrel cell to
emerge in the OBLIQUE('5257) case, and the
winter Ferrel cell to disappear in the OBLI-
QUE(4.257) cuse (Fig: 11h,¢). The OBLIQUE{1.25%)
Hadley cell rises near 253"N and descends near

Williams: The dvnamical range of global circulations I

3378, and is clearly unrelated 1o the thermal
*gquator” — which now lies at the summer pole.
In these cases, the baraelinicity is strong in both
hemispheres: AT, goes from — 33 K in summer to
90 K in winter.

At low tilts, the OBLIQUEL2* 107) surtace
temperatures peak further from the ¢quator than
Earth’s atmosphere dees during its summer sol-
stice — because the GCM lacks an ocean hedl
storage to reduce the seasonal variation. Earth. in
fact, corresponds to a GUM with an obliguity 1y-
ing between 5° and 107, (Note, however, that even
when there is almost no radiative gradient in
Earth’s summer hemisphere, motions can be
driven by the temperature gradients built up in
the ocean over a succession of winters.) The
OBLIQUE(L10%) atmosphere has a low summer
baroclinicity (AT, ~ 3 K), a strong winter baroclin-
ity (AT, = 80 K, and zonal and meridional Mows
that closely resemble Earth’s in January or July
(Manabe and Mahlman 1976, Fig. 4.1), The solsti-
tial tradewinds are strong (£ 10 ms ~ ') and closely
related 1o the diabatically driven Hadley cell, in
contrast to the MOIST set where the tradewinds
are produced by eddy-induced contributions to
the meridional circulation. The westerly trade-
winds, however, barely arise on Earth but ure
clearly present on Mars (Leovy 983, Fig: 20

The eddy fields (Figs. 13-17). The strongest kinetic
energies produced by the selstitial eddies occur in
thie cores of the easterly and westerly jets, in asso-
ciation with the baroclinic instabilities (Fig, 13).
The peak energy generally occurs in the westerly
jet but switches to the easterly jet when that flow
bécomes predominant at fp= 90", The casterly
tradewinds have the weakest eddies. The muoist
convection is confined to the summer high lati-
tudes and contributes little to the generation of
the eddy energy, In the exceptional OBLIQUE
(14,90 case in Fig. 131, the eddies arise in the
unstable summer easterly and propagate aloft into
the stuble winter easterly, according to the eddy
geapotential fux (@)L

The strong southward heat fluxes in the east-
erly and westerly jets in Fig. 14 are typical of ba-
roclinic instabilities having o strong surface shear;
while the weak northwiard fluxes in the upper-
level tropics are typical of propagating planetary
waves. The vertical heat fuxes in Fig. 15 show
that all instabilities are located in the jet cores,
with those in the westerly extending 1o the top of
the atmosphere because no lropopause exists in
the winter hemisphere. In the high-tilt systems.
the heat fluxes fill most of the summer hemis-
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phere because the easterly instability is so strong:
whereas in the exceptional QBLIQUE(:, 907
case, the winter heat flux vanishes because the
winter easterly is so stable. On the other hand, the
low-tilt flows have extra heat fluxes that show the
summer westerly as having an internal form of in-
stability.

The eddy momentum fluxes for the easterly
jets. in Figs. 16, 17a, are all close to the idealized.
verticallv bimoedal QGH form. Alof. the eddies
transport momentum  southward and upward
geross the unstable . part of the jet and north-
ward uceoss the stable wy part. The laner Mux is
consistent with the northward heat transport and
the southward wave progagation — as the eddy
geopolential Muxes in Fig. 17b and d confirm. The
winter westerly, on the otheér hand, has a pole-
ward-traversing Tux and the same QG, character
as the DRY midrange jets, The QG. westerly does
not change into multiple QG jets as £2* increasgs
because it remains wide and retains a f variation
that encourages an  asymmetric.  équatorward
wave dispersion. The éddies thus support all west-
erlies and reduce all easterlies, as in Fig. 17¢

Although the ¢'M’ fluxes generally change Tit-
tle in form as #p and £2* vary, the following varia-
tions in Fig. 16 are notable: (1) in the hybrid
OBLIQUE(£2%, 107) states, the additional summer
westerly has a QG flux: {2 in the OBLI-

- Unyits:

QUE(£2%,25%) flows with £2* =1, the additional
equatorward {Tux in the summer midlatitudes
helps converge momentum onto the westerly trad-
ewind: (31 in the OBLIQUE('YA, 25%) westerly, the
flux is weak because the instability is relatively
shallow (as is the Ferrel cell); (4) in the OBLIL-
U EEX* 907 flows with £2¥=1, the casterly's
low-level MMux dominates: and (5) in the excep-
tional OBLIQUE(Y:, 90" case, the fluxes are
uniguely equatorward in both hemispheres, with
the deep summer flux and the confined winter
Mux reducing the easterly fMlow and reflecting the

L OBLIEE

1624 a4y 50 _ W

L&TITURE

LOmGUUGE

Fig. I8, Lantudedongitude diserthution of the instantianeais
vertical pressure velosity ot 345 mboin the OBLIQUE modet
with £2% =4 ancd #=90". This illustrates a specisl Form of ba-
roclinle instability 10 the easterlv jet, Units: W mhs
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baroclinic instability and the wave propagation,
respectively.

A synoptic anomaly. The exceptional form of dis-
(urbance shown in Fig. 18 occurs in the OBLI-
QUE(4,907) summer hemisphere, between lati-
tudes 0° and 30°N, during a high-resolution ¢x-
tension of the basic solution. The disturbance
peaks in the Hadley cell's upflow, lasts for 30
days, and takes the form of diagonal bands of ver-
tical motion. The bands have a longitudinal wave-
number of 30 and are well resolved by the R42
model. but are excluded by the R15 model. The
disturbance has an environment whose surface
lemperatures go from 150 K at the eguator, 1o
270 K at 30°N — to produce an intense baroclin-
icity, but little moisture — and whese easterly jet
goes from — 50 ms ' atthe equator, to — 10 ms- '

+ & TIFUTIE
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shears, We belicve the disturbance is caused by a
baroclinic instability that is differentially ad-
vected by the easterly jel. The Rossby radius and
the jet width determine the scale and extent of the
bands,

The budgets and balances (Table 2. Figs. 19, 20),
The global mean temperatures of the OBLIQUE
states, like those of the previous sets, all approach
Farth's effective temperature, despite the Jarge in-
terhemispheric heating variations {Table 2). (The
lower values are due to reductions in the solar
corstant at higher ) The global mixing ralio
drops at higher tilts because the maisture is con-
fined to regions north of #=3078, 07 and 30°N
when #.=10°, 23° and 907 respectively, The
eddy kinetic energy and the eddy Muxes remain
nearly constant as £2% increases (for a given {lp)
hecause the eddies remain strong as their sources

at 30N to give strong vertical and lateral
HEAT BA|ANCE: CBLIGUE @, 41!
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move equatorward. The mean Kinetic energy,
however, has a substuntizl range, from 45 to
090 1 ke with the exceptional OBLIQUE
{,90") state having the largest perhaps the
maximum pessible — value,

The sofstitial heat and momentum balances
mainly change their merdional scale. not their
form, as the parameters vary and mav be repre-
sented by the typical OBLIQUE(1,257) state and
the extreme QBLIQUE(L90%) state. In the tvpical
case, the moist summer hemisphere is heated by
the convection at all latitudes, and cooled by the
radiation and the Hadley ¢ell (Fig. 19a). The con-
veetion follows the solar input, peaking at 707N
and driving @ secondary cell whose subsidence
creates the polar hot spot. The dry winter hemis-
phere is heated by the Hadley cell’s subsidence as
far as 30°S, with the eddies then heating the

higher latitudes and inducing a compensating
Ferrel cell. A similar heat balance occurs in the
high-tilt case in Fig. 19b, except that now the ed-
dies also cool the summer midlatitudes and a di-
rect cell cools the summer pole; The radiative
cooling lields in Fig. 6b and d show the thermal
fercing to be relatively uniform and to have rates
comparable with the MOIST midrange, despite
the existence of a dry, unlit winter hemisphere.
In the OBLIOQUE(],25%) momentum balance
in Fig, 204, almost equal amounts of the momen-
lum produced by the easterly radewinds (in
f=0"-45%5) arec transported northward and
southward: north across the equator by the Had-
ley cell to balance the sink in the westerly trade-
winds, and south into midlatitudes by the eddies
to balance — through the Ferrel cell — the sink in
the westerly jet. In the OBLIQUE(1,907) halance
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in Fig. 20b. the easterly jet supplements the east-
erly tradewinds in producing 4 strong momentum
source aver a wide region (#=0"-60"8) in the
winter hemisphere. Most of this supply is trans-
ported northward across the equatar by the Had-
jev cell to balance the sink produced by the hem-
isphere-wide westerly tradewinds, The eddies ex-
tend the transport into high latitudes in both hem-
ispheres.

4 DIURNALILOW £2*) circulations

Circulations in the low singular range (0=£2*
<] are essentially natural-Hadley elements
whose mean zonal flows restructure their balance
during the asymptotic transition, and whose ed-
dies are enhanced during the diurnal transition.
To understand such flows, we need a theory de-
scribing the propagation of large planetary waves
in symmetric-Hadley states at low £2%, Little is
known about this dynamical regime, o our pres-
entation is mainly deseriptive. The singular-range
circulations are important, however, and are rele-
vant to slowly rotating planets such as Venus and
Titan (see Hou 1984, Rossow 1983, 1985).

o define the diurnal and asymptotic transi-
tions. we evaluate the moist GOM, with and
without the diurnal heating, for £2%= .. ¥ and
Ve, and refer to the two groups of solutions as the
diurnal DL(2*) and nondiurnal NDL{2*} circu-
lations. The diurnal. asymptotic and Halley tran-
<itions follow one unather closely as £2* decreases
over the singular range: the diurnal effects be-
come vital as (2* approaches Vi, the asymptotic
fransition occurs between 2% ="y, and Vi, und
the Halley mode emerges between 2% =4 and
Vs, Diurnally modified NH elements — in which
diurnality boosts the planetary waves and the
eddy fluxes ocour in the outer singular range
(£ = 4:), while diurnally dominated Halley
flows in which the atmosphere moves mainly
fram the subsaliar to the antisolar region — oceur
in the inner singular range (£2*<'4:). Solutions
al £2% = s and Yios help define the Halley transi-
tion and state, but they differ so little from the
solution at £2* =Y that only their integrals are
documented (in Table 3).

Diurnal variations are included in the GCM
by prescribing a time-dependent zenith angle 4s i
function of the length of the solar day. The rela-
tions (Ty, Ta, Tsh=2017(82, £25. £2;) deline the 51-
dereal dav, the sidereal year and the solar day in
terms of the planet’s axial and orbital angular vel-
ocities. and the sun’s angular motion across the

Williums: The dynamical range of global cirenlations — 1

planet’s face, where £25 = 2—42,,. For Earth these
periods are disparate and equal 1.0, 366,26 and
1003 days, while for Venus they are all compara-
ble and equal — 245,225 and — 120 days: where a
‘day’ denotes the terrestrial sidereal period
(23.934 hours), and where the negative sign sym-
holizes retrograde motion. Integrations with the
GOCM in a Venus-like retrograde configuration
produce solutions that resemble the standard
[ILir¥ ) states, so are not presented. Most calcula-
tions use a minimally adequate R15 horizontal re-
solution. together with 360" and 1207 hemispheric
domains for the diurnal and nondiurnal systems,
respectively (Table 1-1) The NDL{ Yig) case is
equivalent to the MOIST{'u) case, and 1t alone
has a higher (R30) resolution.

Diurnality can act either directly through the
radiation or indirectly through the convection and
the PRL mixing. In the standard GCM the diurnal
forcing is mostly convective and mostly confined
to the lower atmosphere, even though the re-
sponse is felt aloft. To examine how a radiative
diurnality behaves, we creale a special HIGH-
CLOUD model that incorporates a single opague
{100% cover) cloud near the 300-mb height to in-
crease heating in the upper atmosphere: all other
clouds are removed. but a small amount of ozone
is kept in the stratosphere. The new cloud has an
albedo of 0.6 and an absorptivity of 0.2, so only
200s of the solar radiation reaches the lower atma-
sphere. The solar constant 1s then doubled to tey
to maintain @ normal temperature range. The
HIGH-CLOUD model, evaluated at £2% =" for
the diurnal (HCDL) and nondiurnal (HCNDL)
configurations, remains relatively cool and,
hence. illustrates how a nearly dry atmosphere re-
sponds to diurnal forcing,

4.1 The basic fields (Figs, 21-23)

The NDL system. The natural-Hadley element of
the MOIST low range, with its polar jet and broad
Hadlev cell, persists in the NDL singular-range
circulations (Figs. 21-24, cols. 1L But major
changes occur when the cell reaches the pole and
sets up the asymptotic transition between i
= i and Yo the jet loses two-thirds of its mom-
entum and halts the poleward migration of its axis
al =757, while the surface baroclinicity drops
sharply from 40 K to 10 K and a new jet arises in
the stratosphere. Although all NDL jets have
momentum-wind [features vertical contours
and shears that increase with latitude — their am-
plitudes drop from 80% to 30% of 1y (757 during
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the transition, presumably because the eddies and
the detrainment from the upper troposphere be-
come mare effective. After the transition, the cell
and the temperature field remain almost invariani
at the MOIST(0) values, while the jet and the ed-
dies continue to weaken with {2 The NDL ed-
dies in Fig. 24 retain the main WNH features
throughout: a peak activity and a latitudinal in-
variance in the upper troposphere.

The D4, spstem, Adding diurnal heating to the sin-
gular-runge NH fows boosts the amplitude of the
eddies and, thereby, strengthens, broadens and
moves the jets to lower latitudes (Figs. 21-24,
cols, 21 The DLV and DL{V:) cireulations are
equivalent to diurnally modified NH elements
whose planetary waves have been strengthened by
Lhe localization of the moist convective forcing.
The DL{'%:) circulation, an the other hand, is a
‘diurnally dominated Halley element with a pre-
viiling subsolar 1o antisolar low, Although the
Halley zonal-mean fields stll have the modified

NH form, they are insignificant, given that the jet
and cell lack longitudinal centinuity when
Kp# K. (Table 3) The asymptotic transition is
still discernible in the sharp baroclimeity drop,
but is otherwise submerged by the strong diurnal
transition,

The diurnally boosted planetary waves com-
pletely reverse a jet’s tendency to migrate pole-
ward as 2% decreases, (o the extent that it actually
reaches the equator at the Halley transition (when
£2# =144, Fig. 211, Although the DL jets compare
closely with their NDL counterparts in amplitude,
they actually have 3-4 times more kinetic energy
— because they are broader, super-rotating, and
midlatitudinal (Table 3). Clearly, diurnality both
creates and redisteibutes westerly momentum, The
PBL easterlics beécome global when £2% =1, so
the Halley flows either retard the planet’s rotation
ot have vanishing mean surface winds, Although
the diurnality acts through the planetary wave
fluxes to weaken the meridignal circulation by
about 30%. the Hadley cell actually develops a
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broader uptlow that cools a wider region (see Fig.
by and reduces the mean baroclinicity by 5-
[0 K (Fig 233 The temperature field, however,
still contains intense latitudinal and longitudinal
gradients in the subsolar hatspot.

The eddies produced by the diurnality in the
singular range are actoally stronger than the ed-
«dies produced by the baroclinicity in the mi-
drange, but they have the broader (& °) energy
spectrum: tvpical of low-range Nows (Fig. 1-135)
The DL eddy kinetic energies in Fig, 24 are rela-
tively independent of # and £2¥% and are produced,
presumably, by the same types of wave as oceur in
the NDL ¢irculations. Our analysis does not iden-
tify the waves, but they appear to behave just like
Rasshy waves in Earth's tropics (Hayashi 1974),
transporting heat and momentum equatorward,
Other planetary waves, such as the Kelvin and
Yanai modes, also become hermisphericin scale at
low £2% but, given the absence of an upward
momentum flux, would appear to be inactive, Lo-
calized (Pacific Oceun) hotspots are known gener-

ators ol Rosshy waves in the terrestrial case
i Webster T983) and the DL hotspots — although
mobile and hemispheric — probably produce
low-£2* planetary waves in a similar way. Plane-
tary waves with the lowest wavenumbers tend to
dominate the flow fields because only they are ba-
rotropically stable for triad resonances in the sin-
gular range (Baines 1976, Rossow and Williams
1979,

The HIGH-CLOUDY system. Adding an upper-
level radiative heating to the GCM through the
HIGH-CLOUD formulation produces a unigue
circulation — two vertically stacked jets and three
vertically stacked cells — but only in the nondiur-
nal configuration (Fig. 23, col. 1). The lower com-
ponent of the HCNDL circulation has the same
features and dynamics as'a dry NH element: a po-
lar jet that peaks at #=757, a cell that extends to
the jet axis, and weak eddies generated by hiro-
tropic cascades in the jet core. Above it, the upper
component has a midlatitudinal jet that peaks at
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=507 and a cell that extends bevond the core
{to f1=75") and appears to be purely thermally
driven by the radiative gradient (Fig. 6¢). This up-
per jet cannot develop an SH, momentum wind
because it lacks direct contact with the surface.
Indeed. the SH, theory can sav little about verti-
cally complex flows whose depth is controlled by
the radiation Tield, rather than by the scale
height,

Subjecting the HIGH-CLOUTI system Lo diur-
nal heating removes the above idiosyneracies and
restares the standard DLV form of circulation
(Fig. 25, col. 2). The simple (single-cell, single-jet)
form iz re-established because the momentum
Muxes associated with the strong planetary waves
lake over from the diabitic driving in shaping the
mean circulation, These planetary waves have the
same form and same upper-level location regard-
less of the height at which the diurnal forcing is
apphied, The HCDL eddies in Fig. 25h, however,
have only half as much kinetic energy as the
DL(LA64) eddies because the system is quite dry,

even though localized 300-K (emperatures and
meisl Conveclion goeur.

4.2 The eddy fluxes {Figs, 26-30)

Because the eddy Nuxes maintain their form
throughout the low range. they can be used to
classify the eddies in the singular range, even
though zonal averaging becomes less meaningful
when £2*—0. Only the diurnal éddy fluxes are
presented here: the nondiurnal fluxes are weak
and represented elsewhere by the MOIST( 1/ 18)
solution in Figs. 1-6i-9i,

The diurnality produces strong eguatorward
fieat fluxes both directly in the thermal wave at
low levels, and indirectly in the planetary waves
al upper levels (Fig. 26). The diurnality also ex-
tends the moist convection into higher latitudes in
the subsolar hotspot and. thereby, expands the
mean upward eddy heat flux {or baroclinic con-
version) from A=10" to #=30° (Fig. 27). This
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heat flux is vertically bimoadal because the hatspot
i5 limited to low levels. In Figs. 260 and 27¢, the
heat fluxes in the HCDL cloud are uniquely cor-

redated being polewuard and upward — and
imply that a baroclinic wave exists in the upper
atmosphere.

The diurnally boosted convection also pro-
duces a better-organized, more-extensive vertical
momentunt {lux than do the nondirnal eddies
(Fig. 28). This downward flux gives a measure of
the planetary wave foreing, Once generated, the
waves ransfer momentum equatorward near the
tropaopause in both systems, but 5 times more
strongly in the diurnal case (Fig. 29} The sumilar-
iy between the ¢o'M’ fields of the standard and
HIGH-CLOUD systems again shows that the
height at which the diurnal foreing is applied in-
Muences only the wave amplitude, not the wave
form. The lorced thermal wave produces no
momentum flux directly at low levels. In the
unique HONDL case, the momentum [lux has

LATITUDE

PILENAL model with nondiurnal /beft ealimng and diural

two maxima, cach associated with the barotropic
cascade of a stacked jet (Fig. 29¢).

The influence of the diurnality on the momen-
tum trunsfer can also be seen in the midlevel geo-
potential field of the DL(1/32) case in Fig. 30h.
These instantaneous 9. contours act 45 a4 stream
function in higher latitudes (#=457), showing
that the atmosphere flows gradually toward the
subsalar region but then moves polewurd to avoid
the hotspot. Such flows transport momentum po-
leward, as in the lesser ¢'M’ component in Fig.
29e. The @, geopotential field huas even steeper
gradients; suggesting that the planetary waves are
close to breaking in the upper atmosphere. The
Mow in low latitudes, as illustrated by the mid-
level wy Feld in Fig. 30¢, also forms a continuous
westerly jel — excepl al the equator, where there
is a weak easterly {low into the hotspot. The sub-
solar hotspot, as defined by the 280-K contour ol
the lowest-level temperature T, in Fig. 30a, ex-
tends over 07 of latitude and 1807 of longitude
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and reaches a peak of 310 K, while allowing a re-
lativelv isothermal (2755 K) unlit hemisphere,
The hotspot is relatively shallow: the 75 contours
are open and trail to the east as the spot moves
westward,

4.8 The budgets and balances (Table 3, Fig. 31)

The diurnally heated atmospheres are the only
systems whose globual temperatures deviate signif-
icantly {by + 5 K) from Earth’s effective tempera-
ture, but the reason remains obscure. The diurnal-
ity also produces a substantial increase in all the

energy, conversion and Mux integrals listed in Ta-
ble 3: only the cell strength and the surface drag
are reduced. The radiative cooling rates are in-
creased by 30% because the moisture, although re-
duced globally, lies in the hottest regions,

The stacked cells give the nondiurnal HCNDL
system @ complicated heat balance by producing
compensating fluxes: the lowest cell transports
heat like a Hadley cell — equaterward below and
poteward aloft — while the central and upper
cells transport heat only one way — equatorward
and poleward, respectively. Together, the three
cells cool the equator and midlatitudes and heat
the pole and subtropics (Fig. 3la). The diurnal
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HODL systemy on the other hand, has a4 simpler
balance because its single cell has a broad upflow
like a dry Hadley cell and cools a wide region
(H=0°-257) in response 1o the heating by the hot-
spol convection and the diurnal eddy flux (Fig.
31b).

5 Planetary circulations

The plangts have diverse configurations and can
test circulation theory in parameter regions thal
are inaccessible to Earth, Although observations
are still limited, the remote planets are in pringi-
ple no more remete than the ancient terrestrial cli-
mates and could be equally useful. Many of these
atmospheres should have the same circulation
forms as the GCM solutions because the rotation
places such a dominant eonstraint on the large-
scale muotions, limiting their variely ta a few basic
tvpes (Williams and Holloway 1982: Williams
[985), In fact'the meteorology of the solar system
could be relatively simple, unified, and GFD-
based. Consequently, in this seclion, we try to
clussify the various planetary circulations and the
theories they relate to.

3 Circulavion factors and model range

Circulation form depends not only on the rotation
and the obliguity but alse on the atmospheric
structure; depth, heal supply, and phase changes.
Of the latter factors, the structure has the most
tundamental influence and lies between the two
limits defined by: (1) a bounded (semi-infinite) at-
mosphere having a solid or fluid sublayer like the
terrestrial planets: and (2) an unbounded or ther-
mally canfined laver having an underlying abyss
like the Jovian planets and Earth's ocean. Com-
pared to the bounded states described by the
GOM, an unbounded atmaosphere should have a
areater thermal inertia, a weaker dissipution and a
more internal form of baroclinic instability, and
should cascade further toward a zanal, barotrapic
end-state. It must, however, experience some drag
and frictional interaction with the abyss for the
influence of £ to be communicated; free-slip
stites are not realistic,

The thermal factors mainly influence the diur-
nal and seasonal variability. Whether an atmo-
sphete is heated from above or below is dynami-
cally immatenial, because ¢ither source can pro-
duce the baroclinicity to drive the large-scale flow
and the convection to stabilize the svstem. The

thermal inertia becomes impeortant when a deep
atmosphere has a radiative relaxation tume tRiz)
that exceeds the diurnal or seasonal periods at
some depth. In general, the abyssal source and
the thermal mertia tend 1o redoce the diurnal and
seasomal vanability, But in multiphase atmo-
spheres, a condensational heating can add a
strong dynamical variability in all ranges (ef.
MOIST and IDRY states), while sublimation can
add a strong thermodynamical variability.

The structural and thermal factors are not var-
ied in our GCM calculations, so their eéffect on
circulations can only be deduced from simpler
maodels. For example, quasi-geostrophic models
show that bounded and unbounded atmospheres
have essentially the same form of xonal moton in
midlatitudes, even though their buroclinie insta-
bilities differ (Williams 1979b). Thus, in midlati-
tudes, we expect future GCMs for unbounded at-
moapheres to develop GG, ; elements that have a
stronger barotropic component, just as the SLIP
maodels for bounded atmospheres do. In low lati-
tudes. the various Hadley elements could survive
in unbounded atmospheres — although they dis-
appear in the SLIP states — if the weak drag
needed to transmit £2 is strong enough to support
a momentum wind. Other simple models, such as
the shallow water model, also apply to both strue-
tural forms and suggest that coherent vortices are
the anly phenamena unigue to unbounded stmes-
pheres (Williams 1983).

5.2 Planetary progression

We can classily the vanous planetary creulations
Lo some extent by comparing them against GCM
states with the same rotational configuration and
implicitly allowing for structural and thermal dil-
ferences, as fallows,

Eevvth: the L2 pridrange imoisd), Earth, with its mi-
drange rotation, mediom gl and semi-moist sur-
lace, lics a1 the center of parameter space and of-
fers data on the interactions between high and
low latitudes, between the QG, and QH elements,
Near equinox, it has a blend of MOIST(1) and
DIRY{1) features and may be close to forming a
double jet und transitional phenomena in midlati-
tudes. Near solstice, it tries to develop 4 baroclin-
ically unstable easterly jet in the summer hemis-
phere — according to the QBLIQUEL L, 107 solu-
tion — but ocean heat prevents it from achieving
the recessary negative barochinicity {except in the
stratosphere ), Geean heat can also prevent the de-
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velopment of glaciation but fails to do so at
higher rotation rates (£2* = 2) — such as occurred
during the Precambrian era (Hunt 19794, b, Kutz-
bachk 1985) because the smaller atmospheric
eeldies {and the ocean currents they drive) trans-
port too little heat poleward, Similar glacial ex-
tremes may occur in the future when £2¢ < % and
the eddies agaim become thermally inefTicient.

Mars: the £2% midrange {dry). Mars lacks a sub-
layer constraint on seasonal variahility and, there-
fore. provides a elearer example of solstitial
MNows, and 4 clearer test on the existence of the
GH element. Prediction models for Mars' dust-
free (northern-summer) solstice produce a circula-
tion resembling that of the OBLIQUE(3/4,15%)
svstem: four zonal winds, two cells, a regular
wave in the unstable winter westerly, and a peak
T, near #=60"N (Leovy 1983, Fig. 2). The insta-
hility of the easterly jet, however, appears to be
absent or undetected. In Mars” dust-storm (north-
ern-winter) solstice, dust-loading increases the ba-
rochinicity and the static stability, widens the
Hadley cell, and pushes the peak T, to the pole, to
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produce 2 circulation like that of the OQBLI-
QUEL257) svstem. Mars' obliquity oscillates he-
tween 15" and 357 aver a period of 107 years and
the changes in the seasonal variability appear to
have been recorded in the lavered deposits seen in
the pelar regions (Murray et al. 1981, Such layer-
ing could arise from the surface winds strengthen-
ing and shifting their peak from the winter to the
summer hemisphere as #, increases, or from the
particles becoming lighter when the poles are
warmer.

Jupiter and Saturn: the £2* figh range. Jupiter and
Saturn have the same tvpe of eddying, multi-jet
zonal fow as the MOIST and HOT high-range
circulations {Williams and Holloway 1982, Fig. 4,
Williams 1985, Fig. 3) and, hence, relute to theo-
ries about the jet scales and the multi-element in-
teractions. The weak drig and dissipation of these
unbounded atmospheres allow a greater baro-
trapy in the QG jets in midlatitudes, and a greater
uncertainty about the Hadley lMow in low lati-
tudes. Saturn's thermal inertia and abyssal heat
prevent that medium-tilt planet from developing a
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strong seasonal variability and. hence, fram re-
vealing the existence of Hadley dynamics through
a OH ta QGH element transition,

Uranus: an (X midrange mysiery. Belore the
Vowager encounter in 1986, it was hoped that
Uranus' large (827) obliguity would guarantee
that the atmosphere show a large seéasonal re-
sponse and, thereby, expose the nature of Hadley
modes in an unbounded system, But Uranus
barely confessed its motion: only four isolated
clouds were seen in the southern (summer) hemis-
phere, and these suggest the existence of o broad
westerly jet that peaks at 33°5 and an easterly
flow that extends equatorward from 2075 — when
measured relative to the magnetic frequency
(Smith ¢t al. 1986), These observations can be in-
terpreted in at least three wavs: (1) as a DRY(1)
circulation, if the drag is strong and the scasonal-
ity is weak (becuuse of the thermal inertia); (2) us
a4 SLIP(1) circolation, if the drag and seasonality
are both weak: and (3) as an OBLIQUE(1,23%) or

L

OBLIQUE(LYD") circulation, if the drag and sea-
sonality are bath strong, and il the MNow is made
entirely easterly by referring it (o a faster-rotating
frame, Changing the reference frame is not unrea-
sonable, given that the magnetic rotation vector
differs in direction rom £ by 607,

Titan; the £2% low range. Titan, with its slow (15.9-
day) rotation, medium (277 il and substantial
{ La-bary nitrogen atmosphere, provides an excel-
lent system for testing axisymmetric circulation
theory over the [ull range of seasonal variation,
Titan’s circulations should vary from the low-
range SH element at equinox to the 55H element
{with a pole-to-pole cell} at salstice. As yet, no
winds have been messured nor any longitudinal
variation seen, but large seasonal variations have
been detected in the albedo that could be related
to a cvcle in the Hadley mode,

Venus: the £2% singular range. Venus' stratosphere
has the same type of broad, super-rotating west-
erly current as the diurnally modified, singular-
range GCM solutions — such as DL{Y) — and,
therefore, relates to various theories about the
NH elements, particularly about how the vertical
structure modifies their mean Oows, wave propa-
gation, and diurnal transitions. Although the diur-
nal component of the heating is thought to be
confined to Venus' stratosphere by the large opac-
ity and long ry of the troposphere {Rossow 1983),
it could still generate planetary waves that are am-
plified as they propagate upward aver many scale
heights to produce a strong equatarward momen-
tum fux and a broad jet in the upper atmosphere,
The lower atmosphere could remain immune to
the divrnality and contain a simple polar jet or
multiple stacked jets. Venug circulation has heen
difficult to understand because the planet lies in a
parameter range where the zaonal flow is sensitive
to thermal details, and where the meridional flow

- the essential Yenus — is dominant and yel to
he observed,

6 Conclusions

We have examined the influence of various hem-
ispheric asymmetries on circulation form by vary-
ing the rotation rate for axisvmmetric, obligue
and ddiurnal GCMs, Varying £2% changes the
Rossby and Froude numbers and alters the scale
and mix of the jets, cells, and eddies, We can then
isolate the invariant features of each system and
identify their QG and Hadley modes, In particu-
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lar, enforecing axisvmmetry eliminates all QG
modes and reveals the SH element of the moist
model; while introducing solstitial heating re-
verses the baroclinicity and produces a new
(QGH) element with an easterly jet in the summer
hemisphere: whereas adding diurnal heating at
low £2% boosts the planetary waves and their im-
pact on the natural-Hadley element and, in the
limit, produces a Halley circulation. These spe-
cialized GCM states complement those of the ba-
sic parameter range discussed in Part | and, like
them, have a variability that is limited 1o a few
elementary forms,

The circulations in the moist AXISYMMET-
RIC set vary from a single, broad midlatitude jet
in the 2% midrange o double jets — one in mid-
latitudes and one in low latitudes — in the high
range. The meridional flows contain a primary
pair of Hadley and Ferrel cells in the barotropic
low latitudes and a secondary pair of cells in the
bargclinic midlatitudes; The AXISYMMETRIC
states can be partly understood in terms of the
geometric argument of the first-order symmetric-
Hadlev (5H,) theoryv. but only towards the pole

Socand Yea and in the HIGH-CTOUD model with £2%— i, for nondiuenal and diamal besting, Units: 107 mts =

and equator, not m midlatitudes. Differences oc-
cur because the AXISYMMETRIC Mows are
more inviscid, more nonlinear, and contain high-
er-order modes than their SH, counterparts. La-
tent heating increases the nonlinearity by inten-
silying the cells and by strengthening their cou-
pling with the temperature field. As in the
MOIST(E) case, the AXISYMMETRIC circula-
tions fail to equilibrate simply when the Hadley
cell becomes really narrow, as at (2% =4,

The AXISYMMETRIC and MOIST flows do
not appear to be closely related to cach other in
general. In midlatitudes, the AXISYMMETRIC
zonal flows greatly exceed the natural flows be-
cause a larger baroclinicity and thermal wind de-
velop when the surface temperature is not fixed.
Such AXISYMMETRIC jets are reduced toward
the natural jets mainly by & barotropic instability,
and so cannot provide the basic state for the
MOIST baroclini¢ instability. In the high range.
the AXISYMMETRIC system never hus more
than one midlatitudinal jet, so the MOIST QG
jets are obviously eddy dovere In low latitudes.
however, the AXISYMMETRIC Mow bhas some
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connection with the (H element of the MOIST
flows. But, paradoxically, the theoretical SH,
modes relate more 1o the MOIST states than to
the AXISYMMETRIC states — because the hori-
zontal mixing limits the meridional nonlinearity
in the natural system. Clearly, there is no unigue
symmetric-Hadley circulation, only a hierarchy of
symmetric states of varying complexity deter-
mined by the rotation rate and by the various
thermal, surface and subgrid factors,

The selstitial circulations in the OBLIQUE set
contain the unstable ecasterly jet and vertically bi-
moadal eddy momentum fuxes of the QGH ele-
ment in the summer tropics, a5 well as the unsta-
ble westerly jet and poleward-traversing eddy
momentum flux of the QG. element in the winter
midlatitudes. These components are linked by an
equatar-straddling Hadley cell, a winter Ferrel
cell, and wave propagation in the winter tropics.
The scales of the jets and cells increase with fs
and decrease with £2% through the thermal
Rasshy number. An exceptional state at low £2%
and high Hp has a pole-to-pole Hadley cell, a
warm winter pole and global easterlies — with
thermal and momentum winds in the summer and
wittter hemispheres, respectively. When the tilt is
low (Fla= 10"}, the c¢irculations have a mix of sol-
stitial and equinoctial features in the summer
hemisphere, with multiple QG jets arising at high
£2*. The solstitial Hadley cell splits into two egu-
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noctial Hadley cells when the obliguity drops be-
low 5",

lhe OBLIQUE circulations can be reasonably
well explained theoretically: the mean flows
closelv resemble those predicted by the solstitial-
symmetric-Hadley (S5H) theory — even though
the theory involves a novel geometric argument
and remains unproven — while the eddy Nuxes of
the winter QG, element can be understood in
terms of an eddy cycle for the nonlinear baro-
clinic instability of 4 broad westerly jet {§ 1-3.2),
Furthermore, the bimodal momentum fluxes of
the summer QGH element can be attributed (ten-
tatively) to baroclinic instability aloft and 1o wave
dispersion below. The QGH element is complex
because the Hadley processes controlling the
mean flow and the QG processes controlling the
eddy fluxes both act in the same region. In the
winter tropics, the fluxes arise from waves propa-
gating aut of the two instabilitics. but the two
contributions cannot be individually attobuted,
nor can the interaction between the two sets of
waves be theoretically defined, as vet

The diurnal heating influences the singular-
range DIURMAL circulations mainly by boosting
the planetary waves, The increased momentum
Mux then transforms the narrow polar jets of the
NH elements inte broad midiatitude westerlies.
Following this diurmal transition at 2% = Y., the
circulations pass through two more transitions as
£2% .0 the asymptotic transition when the Had-
ley cell reaches the pole between £2% ="' and
421 und the Halley transition when the eddies
overwhelm the mean flow to give a subsolar-to-
antisolar flow at £2% = Vi,

The DIURNAL singular-range eddies are not
well understood. One theoretical approach 1o
such Venus-like wave dynamics assumes that the
Hadley () field provides an equivalent Coriolis
gradient /1 for a horizontal planetary wave propi-
sation: another assumes that the Hadley &(z) figld
provides an equivalent Coriolis term fTor a verri-
cal inertial-gravity wave propagation, The plane-
tary waves prevail in the DIURNAL eirculations.
The low-range and midrange circulations can be
resarded, like the crculations of Venus and
Earth, a3 combinations of SH modes and forced
planetary waves, with the cause of the forcing
(diurnality, baroclinicity) and the character of the
waves differing with £2% 1n the low tange, the
waves propagate away from the diurnally boosted
trapical convection zones to create low-latitude
westerlies; while in the midrange, they propagate
awyy from the baroclinic zone 1o create midlati-
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tude westerlies. Such theories, however, do not
explain the steadv-state circulations,

In Tact, none of the circulations of Part 11 are
as well explained as those of Part I — mainly be-
cause they occur al paramerer extremes and de-
viate far from the terrestrial states for which the
theory was primarily develaped. They do, howey-
er, have implications for that theory: for example,
the high-order AXISYMMETRIC modes imply
that the QG and OH elements based on the SH,|
theary muy only be first-order items; while the
need for a different geometric argument for the
55H states throws doubt on the whole approach.
The 5H and SSH states are needed as non-arbi-
trary initial states for the equilibrated eddy cveles
that define the elements. Eddy cycles cannot
equilibrate or be considered self-consistent if the
maintenance of the initial state is not considered.
Thus the midrange QG. element is not fully de-
fimed by the calculations of Simmens and Hos-
kins {1978) because its jet 15 not sell-sustaining,
leading us to condition what we said in § 1-1: the
Lorenz problem is only partially solved. The high-
range QG jet, however, has a self-sustaining
momentum flux and is less dependent on the ini-
tial state, but it too lacks a (ull theory.

To make crculation theory more complete.
the following problems peed 1 be addressed
(along with those listed in § I-7)

1) What are the symmetric-Hadley modes like for
GO Ms having a lixed surface temperature and no
moisture? A hierarchy of 5H solutions s necded
to hridge the gap between the SH; theory and the
higher-order AXISYMMETRIC states.

2} What forms do the equilibrated eddy cveles
take for the hierarchy of SH basic states, al var-
ious £2¢7 This generalizes problem (1) of § 1-7. At
high 2%, such studies could show what happens
when a barotropic instability pre-empts 4 buro-
clinic instability.

3) What are the solstutial-symmetric-Hadley
mades like Tor the hierarchy of GCMs? These are
needed to test the geometric argument of the 55H
theory.

4) What forms do the eguilibrated eddy cycles
take Tor the SSH states, at various £2%7 These are
needed to relate the QGH Muxes 1o the baroclinic
instabilities and the wave dispersion. and to de-
fine the interaction between the easterly and west-
erly jets,

5) What is the baroclinic instability of a tropical
casterly jet like? The behavior of instabilities lo-
cated in a Hadley cell is unknown but vital to the
understanding of the QGH element,

&) What happens to wave propagation in the sin-
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gular range? This could explain how modilied
MH elements evolve into Halley circulations,

71 How does the vertical structure influence the
various QG and Hadley modes? To understand
the planets, we need 1o know how deep or un-
bounded  atmospheres  differ from thin  or
bounded atmospheres in their dynamics.
) And finallv, we wonder if a unigue invariand
extsts for global motion, and how the QG and
Hadley modes can be disentangled to reveal it?
The fsomorphism between f-turbulence and SH
girculations suggests that 4 more fundamental,
more unified way may exist for describing global
circulations. But this is, as vet, barely glimpsed.
The planets of the solar system can, in princi-
ple, provide unigque tests of the various circulation
lheories in purameler regions untouched by
Euarth, aver the full £2% range. Thus Mars can tell
us about the easterly jet of the QGH element; Ju-
piter and Saturn, about the seale, interaction, and
vertical structure of the QG and QH elements: Ti-
lan, about the seasonal variability of the symmet-
ric-Hadley modes: Venus, about the diurnally
modified NH element; while Uranus and Nep-
tune have vet to divalge their significance.

We have now come to the end of our story and
the patient reader may wonder what has been
gained by touching upon so many subjects, Stated
briefly, our concern has been with the synoptic
and the specific, with defining the circulation
range and isolating the circulation elements, In
addressing this concern. we huve gained perspec-
tive on [arth’s stmosphere and extended dynami-
cal theory into new parameter regions. When we
hegun, we hoped — with much préesumption — to
encompass all of the planets in a single view, but
this has proven premature given the limitations of
ohservation and theorv, Nevertheless, the basic
thesis — that planetary variability is limited and
defined by a few elementary forms, with species
imposed by rotation and vareties allowed under
struciural and thermal diversity is supported
by the solutions. Although the demonstration is
far from complete and the analvsis is schematic
and compressed, we have (ried to seek out and de-
line the remaining fundamental problems: lor
Larth, to explain the regional interactions; far the
plunets, to understand how the vertical structure
and the depth influence the dynamical elements,
Lnified or not, the planets generalize and refine
the meteorological paradigm.
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